Radiative transfer calculations have been performed for five cool stars: α Tau, β Gem, Procyon, Eri and the Sun, for the purpose of investigating the behaviour of the O I emission over a wide range of stellar types, and its dependence on coherent photon scattering. These stars span a range of spectral types from F5 IV-V to K5 III and surface gravities 1.25 < log g * < 4.75. Particular attention has been paid to the calculation of the flux in the resonance triplet around 1305 Å which is pumped by H Lyβ, including the effects of partial redistribution (PRD) and cross-redistribution of photons. These are the first calculations for the resonance triplet in giant stars using a full PRD treatment. Calculations of the predominantly collisionally excited intersystem doublet at 1355, 1358 Å are included, and it is found that the ratio of these fluxes shows the effects of opacity. The flux in the forbidden line at 1641 Å is calculated for the giant stars and the effects of coherent scattering on this line are investigated. The discrepancy between the calculated and observed fluxes in the O I lines is used to infer the inadequacy of single-component chromospheric models.
Linsky 1981). These lines have been used by
to investigate chromospheric inhomogeneities in α Tau (K5 III). Together with other fluorescent lines, such as those of H 2 and Fe II, excited by H Lyα (McMurry, Jordan & Carpenter 1999) , they have been used to infer the existence of a two-component chromosphere, similar to the temperature bifurcation of the solar chromosphere proposed by Ayres (1981) in which hot, traditional chromospheric regions are embedded in a cool 'COmosphere' (Wiedemann et al. 1994) .
The resonance triplet is optically thick, which means that photon scattering processes within the lines must be included in modelling. Miller-Ricci & Uitenbroek (2002) have investigated the effects of partial redistribution (PRD) and cross-redistribution (XRD) on the line profile of the O I resonance triplet in the Sun, and found their effects (especially those of XRD) to be substantial. Previous calculations of this triplet in giant stars, in which PRD and XRD are expected to have more significant effects, were performed using only an approximate treatment of PRD (Carlsson & Judge 1993) .
The intersystem doublet (2p 3 3s 5 S o 2 → 2p 4 3 P 1,2 ) at 1355, 1358 Å is not expected to be strongly influenced by the pumping mechanism; these lines are predominantly excited by collisions, both in dwarf stars (see Carlsson & Judge 1993 , for the Sun) and in evolved stars. This doublet has been used, along with other optically thin lines, by Sim & Jordan (2003) to infer the velocity fields in Eri, by studying the wavelength shifts of such lines. The failure of onecomponent models to predict the fluxes of both the photoexcited and the collisionally excited lines, discussed by McMurry & Jordan (2000) , provides another indication of the need for two-component models.
O I line emission in cool stars 221 a In cases where no J value is given, the atomic data refer to the L multiplet, weighted according to g, the statistical weights of the multiplet members. ) is observed in Goddard High Resolution Spectrograph (GHRS) and Space Telescope Imaging Spectrograph (STIS) spectra of cool giant stars. It shares a common upper level with the resonance triplet around 1305 Å, and is formed by line-leakage from these lines (Brown & Jordan 1980) . It has been used in α Boo (K2 III) (Judge 1986a) , α Tau (K5 III) and β Gru (M5 III) (Judge 1986b) as a diagnostic of optical depth, and hence mass column density. The observations used are summarized in Table 2 , apart from those of the Sun, which are taken from the SUMER atlas (Curdt et al. 2001) .
In Section 2, the radiative transfer problem and the redistribution processes are discussed. Section 3 outlines the radiative transfer Table 2 . A summary of all the observations used, giving the instrument, the grating or filter used, and the data set. These spectra are taken from the MAST archive. The observations of the Sun are all taken from the SUMER atlas and are not listed below.
Star
Wavelength range Instrument Filter/grating Data set (Å) α Tau  1301-1308  GHRS  G160M  Z289010AT  1355-1359  STIS  E140M  O6JE01010  1641  STIS  E140M  O6JE01010  β Gem  1301-1308  GHRS  G140M  Z2UZ010NT  1355-1359  GHRS  G140M  Z2UZ010QT  1641  GHRS  G160M code used, and in Section 4 the atomic and atmospheric models used as inputs to the calculations are described. The results of our calculations are presented in Section 5 and compared with observations in Section 6 and in Section 7 we summarize our conclusions and outline current and future works.
T H E O RY

Multilevel radiative transfer
The emergent line profiles are calculated by solving the timeindependent equation of radiative transfer, simultaneously with the equations of statistical equilibrium, for example, Mihalas (1978) . An additional constraint, such as that of hydrostatic equilibrium (HSE), or particle conservation, may be applied in order to restrict the choice of atmosphere further. These equations are solved for the particle number densities, which are then used to calculate the absorption and emission coefficients, and hence the radiation field. This coupling between the number densities and the radiation field is the major source of difficulty encountered in solving non-local thermodynamic equilibrium (NLTE) multilevel radiative transfer problems, because it introduces non-locality and non-linearity into the system of equations.
This intrinsic non-linearity is made worse when coherent scattering processes are introduced (see Section 2.2 below). A variety of numerical techniques have been developed to tackle such problems (see e.g. Kalkofen 1985 , for a review). The method employed here, that of Rybicki & Hummer (1991) , which has the additional advantage of avoiding the non-linearities associated with coherent photon scattering, is outlined in Section 3.
Redistribution
For many lines the treatment of photon scattering within the line may be neglected. It is assumed that scattering within the line is completely incoherent, and the absorption and emission profile coefficients are therefore equal, with φ i j (ν, n) = ψ ji (ν, n) where ν is the frequency and n is the unit vector defining direction. This is the approximation of complete redistribution (CRD). In the case of very optically thick lines that are formed in regions where radiative excitation dominates over collisional excitation, the coherent scattering of photons within the spectral line must be treated. This is the case of PRD; the absorption and emission coefficients are now no longer equal and the frequencies of the absorbed and emitted photons are correlated. A redistribution function is introduced (see e.g. Mihalas 1978 ) that allows the calculation of the emission profile through its description of the changes in frequency and direction of the photon which occurs during scattering. It may be expressed in terms of the coherency fraction
where P j is the total depopulation rate of level j including all collisional and radiative processes, and Q E j is the rate of elastic collisions with the upper level (i.e. collisions which randomly change the energy and thus destroy coherence). The more dense the atmosphere, the larger Q E j , and the more the coherency is destroyed. It is therefore expected that CRD will be a better approximation in the denser atmospheres of dwarf stars than in the lower density atmospheres of giants, an expectation which is borne out by the detailed calculations presented in Section 5.
A further complication arises in the calculations for lines such as Hα and Lyβ and for the resonance triplet of O I, which share a common upper level; this is known as XRD. It involves the conversion of photons from one line into another, and has the effect of increasing the coherency fraction. The calculations by Miller-Ricci & Uitenbroek (2002) for the O I resonance triplet in the Sun, including both PRD and XRD, show that XRD is more effective than PRD in reducing the calculated linewidth. This is confirmed by our calculations for all the stars considered here.
N U M E R I C A L M E T H O D S
The present calculations have been performed with the RybickiHummer (RH) radiative transfer code developed by Uitenbroek (2001) , using the Multilevel Accelerated Lambda Iteration (MALI) approach of Rybicki & Hummer (1991) . The standard method of solving NLTE multilevel problems involves applying a operator to the source function, to provide the formal solution to the transfer equation; this is then used to calculate new population numbers. Each complete iteration cycle between the formal solution and the calculation of the population numbers corresponds to a photon having travelled approximately one mean free path. As is well known, in cases where the line is optically thick and the mean free path becomes small, the method converges slowly, if at all, and a large number of iterations is required. A further difficulty may be encountered in multilevel problems, as the photon may get trapped in transitions between members of multiplets.
A standard way of overcoming these problems is to split the operator into two parts, one of which, * , is an approximate operator with a simple inverse. However, inspection of the form of the source function (see e.g. equation 15 in Uitenbroek 2001) shows the disadvantages of this method. The source function is a function of ρ ij , the ratio of the emission and absorption profile coefficients, and from Uitenbroek (2001) is given by
where R k ji is the redistribution function and B k j is the Einstein coefficient. In the case of CRD, ρ i j = 1, but when PRD transitions are involved, the source function becomes non-linear in the population numbers. (The terms k = i in equation 2 represent XRD between lines.)
The use of the operator acting on the emissivity overcomes the computational problems associated with the non-linearities introduced by PRD, because the emissivity remains linear in the population numbers; this is the approach adopted by Uitenbroek (2001) in his RH code, which eliminates the slow convergence caused by photons which are trapped in strong lines (cf. Rybicki's core saturation approach, Rybicki 1972) . The operator splitting method applied to the operator then yields the iteration scheme
where † denotes quantities evaluated during the previous iteration and the approximate operator * is chosen to be the diagonal of the true, discretized operator. The local nature of such an approximate operator allows it to be easily generalized to other dimensions and geometries. Although all the calculations presented here were carried out for static, 1D plane parallel geometries, the code is capable of dealing with angle-dependent PRD problems in one, two and three dimensions in Cartesian geometry, as well as spherically symmetric problems. Another advantage of the numerical scheme of Rybicki & Hummer (1992) used here, is that it automatically deals with overlapping and blended lines.
In cases where XRD is specified, the code searches for subordinate lines, and then calculates the coherent scattering from one line into another (which share a common upper level). XRD is included by adjusting the integration limits in the wing and intermediate region, but not in the core, when calculating the scattering integral.
M O D E L S
Models of the atmosphere and of the background and active atoms must be supplied as inputs to the radiative transfer code. In the following section, we describe the techniques employed in modelling the atmospheres of the stars considered here, as well as the atomic models used.
Atmospheric models
The models are all time-independent, plane parallel and in HSE. They consist of the electron temperature T e , electron number density N e , and microturbulent velocity as a function of mass column density, from the stellar photosphere up to transition region temperatures for the models of the Sun, Eri and α Tau, and to coronal temperatures in the models of Procyon and β Gem.
The models are all semi-empirical; they are constructed by taking an initial, approximate run of T e against mass column density, height or optical depth at a standard wavelength (typically 5000 Å). The model is specified by taking T e as a function of this independent variable, together with N e , given by solving the equations of statistical equilibrium for the electron donors, subject to the constraints of HSE and charge conservation. This is used to calculate angle-averaged line fluxes and profiles for the 1D HSE model. The calculated profiles and fluxes are then compared with those observed. The model is subsequently adjusted, and the calculations repeated, until they yield a good agreement with the observations. Table 3 summarizes the physical parameters of the stars included in this study; the atmospheric models are plotted in Fig. 2 . It can be seen that the stars span a wide range of g * . As g * decreases, the relative importance of radiative excitation compared to collisional excitation increases, since Noyes et al. (1984) . Figure 2 . The atmospheric models. The temperature refers to the electron temperature, and has units of K; the mass column density has units of g cm −2 .
where F coll is the flux emitted in the collisionally excited line, N H is the hydrogen number density and l is the path length, but the opacity in the line is
so τ line /F coll is approximately inversely proportional to N e .
Procyon
Procyon is a visual binary system, consisting of a subgiant (Procyon A) and a white dwarf (Procyon B), with a period of ∼40.65 yr. The possibility of the primary's spectrum being contaminated by that of the white dwarf has been investigated and dismissed by Steffen (1985) . The envelope has basically solar abundances, which excludes there having been substantial contamination by the processed material of the white dwarf progenitor; additionally, the orbit is observed to have an eccentricity of e ≈ 0.4, which shows further that the primary has not been contaminated by mass transfer via Roche lobe overflow from the white dwarf progenitor, as this would have tended to circularize the orbit. The primary is slightly evolved, and has been observed in the ultraviolet (UV) in the wavelength region of interest by International Ultraviolet Explorer (IUE) and GHRS. The chromosphere and upper photosphere were initially modelled by Ayres, Linsky & Shine (1974) , using the Ca II K line and the infrared triplet, and the Mg II k line. The model was subsequently modified by Sim (2002) , using the assumption of PRD in the H Lyα and Lyβ lines, who also extended it to the corona.
The Sun
The model of the Sun used in these calculations is the VAL model C of the quiet Sun (Vernazza, Avrett & Loeser 1981) . This is a semiempirical plane parallel model, constructed by solving the radiative transfer equation, together with statistical equilibrium equations and the constraint of HSE, and altering the temperature structure in order to match Skylab observations in the wavelength range 400-1400 Å. The region around the temperature minimum was modelled using observed continua in the wavelength range 1380-1650 Å. The Lyα and Lyβ lines, and the resonance lines of Ca II and Mg II were treated in PRD. The abundances used were those of Grevesse, Noels & Sauval (1996) .
Eri
The model of Eri was made by Sim & Jordan (2005) , who describe the modelling process in detail, using PRD in the Lyman lines. Above the chromosphere, the model makes use of the observed emission measure distribution. The UV observations used for this model were made using STIS and FUSE. Eri has also been observed in X-rays, indicating the presence of a hot corona. The star is slightly metal poor (see Drake & Smith 1993 , who adopt a value of [M/H] = −0.1). The abundances used for these calculations were those of Grevesse & Sauval (1998) , adjusted by the value of [M/H] above.
α Tau
α Tau is a non-coronal red giant, probably on its first ascent of the red giant branch (RGB). It has a long rotational period and is therefore of low activity. Work by Cuntz et al. (1996) on the variations in the Mg II h & k lines in IUE spectra implies a variability on a time-scale of hours. The abundances used were solar (Anders & Grevesse 1989) except for the C and N abundances, which are taken from Smith & Lambert (1985) , since a dredge-up of CN processed material results in an underabundance of C with respect to the solar abundance, and an overabundance of N. The oxygen abundance is expected to be unchanged; the slight deficiency found is likely to be insignificant, since the O abundance is very sensitive to the effective temperature adopted. The calculations were therefore performed using the solar oxygen abundance.
The atmospheric model is that of McMurry (1999) , and is based on the Kelch model (Kelch et al. 1978) , which used a PRD treatment of the Ca II K line wings and cores, and the fluxes in the Mg II h & k lines. It was constructed using an approximate treatment of H Lyα and Lyβ, which involved truncating the line profile after six Doppler widths; this simulates the greatly reduced flux in the line wings that occurs when a PRD treatment of photon scattering is used.
β Gem
β Gem is also a cool giant on the first ascent of the RGB. Unlike α Tau, however, it exhibits X-ray emission, which implies that a corona is present. The abundances used by Sim (2001) were the solar values of Grevesse et al. (1996) , except for carbon and nitrogen, where the values are those of Lambert & Ries (1977) ; as for α Tau, the dredge-up of CN processed material reduces the carbon abundance, and increases the nitrogen abundance. The oxygen abundance is found to be slightly deficient with respect to the solar value, but it is solar within observational uncertainties, so the solar value is adopted here.
The atmospheric model is that of Sim (2001) , and is based on the model by Kelch et al. (1978) , the observed emission measure distribution and a PRD treatment of photon scattering in H Lyα and Lyβ.
Atomic models
All calculations for hydrogen were carried out with a nine level plus continuum atomic model. Fig. 1 shows the oxygen atom model used, which is that of Carlsson & Judge (1993) . Photoionization from all levels is included. Collisional excitation between all levels, and ionization from all levels, is included, as well as collisional coupling between the 3 P 2,1,0 ground levels arising from electron and proton collisions. Charge transfer via collisions of H and O dominates the O I/O II ionization balance and is accordingly included,
R E S U LT S A N D D I S C U S S I O N
The calculations are all based on an initial accurate solution of the hydrogen radiation field and level populations. In the case of α Tau, the hydrogen solution was achieved by employing the collisionalradiative switching method of Hummer & Voels (1988) . As has been shown by Sim (2001) , PRD has a significant effect on the H Lyα and Lyβ line profiles, and greatly alters the flux emitted in the wings. The pumped O I transition lies very close to the centre of the Lyβ line (only 0.05 Å away); it is therefore not directly affected by the changes in the line wings which occur as a result of PRD. A PRD treatment is nevertheless necessary for the hydrogen solution, because it alters the degree of ionization of hydrogen and thus the number of free electrons which are available to form collisionally excited lines in the chromosphere and transition region. The n = 2 level population is increased by PRD, as more photons are trapped in the Lyα core. Photoionization from this level by the Balmer continuum occurs, and the ionization fraction is therefore increased.
The hydrogen ionization balance influences the O I/O II ionization balance through charge transfer, which is the dominant process determining O I/O II at temperatures below ∼10 4 K. Fig. 3 shows the calculated oxygen ionization balance for the cases where the hydrogen level populations and radiation field are calculated in CRD and PRD. For all subsequent calculations of oxygen, the hydrogen solution adopted is that calculated using PRD in the Lyα and Lyβ lines. For the purpose of calculating background opacities, NLTE populations of silicon and oxygen were first calculated for all the stars; NLTE background populations of helium were also calculated for the dwarf stars. All the solutions were iterated to a convergence of better than 0.1 per cent. The opacity from all other elements was calculated using LTE populations.
O I resonance triplet
A calculation of the resonance triplet in the absence of H Lyβ pumping was performed for all the stars, in order to confirm that the dominant excitation mechanism is radiative pumping over a wide range of stellar gravities. In Fig. 4 , the results of the calculations of the resonance triplet for the cases of pumping and no pumping in β Gem are shown. These results are typical of all the stars and confirm the importance of the H Lyβ pumping.
The calculated profile of the resonance triplet in the Sun, shown in Fig. 5 , displays the line intensity for CRD, PRD and XRD at a position near disc centre (cos ϑ = 0.953). Fig. 6 shows the calculated profiles of the O I resonance triplet in α Tau, β Gem, Procyon and Eri, for these three cases. Table 4 gives the observed integrated fluxes (or, for the Sun, the intensity integrated over the line profile) together with the results of the present calculation.
Both PRD and XRD have the result that they narrow the wings of the triplet lines; as the coherency fraction increases, the fraction of photons which are trapped in the core increases also, leading to more emission in the core, and less emission in the wings. By referring to equation (2) for the ratio ρ ij , it can be seen that PRD, for which k = i, underestimates the effect on the emission profile compared to the case where XRD (k = i) is included. When k = i, excitations into the subordinate lines are treated as incoherent excitations; allowing k = i means the sum is taken over the three terms of the triplet, which increases the effect on the emission profile.
In all cases, XRD is seen to have a more significant effect on the line profiles and integrated flux than PRD, as can be seen by inspection of the results shown in Figs 5 and 6, and Table 4 .
Intersystem doublet
In their calculations of the intersystem doublet for α Boo, Haisch et al. (1977) find that pumping of the O I triplet by H Lyβ increases Figure 6 . The calculated resonance triplets, showing the effects of PRD and XRD on the line profiles. The dashed line shows the CRD case, the dotted line is the PRD case, and the solid line shows the full XRD solutions. All fluxes are those at the stellar surface. It is noticeable that in the lower gravity stars, α Tau and β Gem, the effects of XRD are most significant. In Eri, the wings are very narrow in all cases, and PRD/XRD has little effect, as expected from the high surface gravity of this star. the integrated flux in the doublet by approximately 10 per cent. They interpret this as being a result of collisional coupling between the 5 S and 3 S levels of the oxygen atom (see Fig. 1 ). The cascades from the 3 D and 3 P levels cause an overpopulation of the 3 S level; electron collisions couple the quintet and triplet levels, thus increasing the quintet population, and hence the flux in the intersystem lines.
This increase in flux of about 10 per cent cannot be taken to be a quantitative prediction for several reasons. First, the calculations of Haisch et al. (1977) are based on calculations using a hydrogen solution calculated using an approximate treatment of PRD. Secondly, they neglected the 2p 3 3d 5 D term in the oxygen model; this contributes to the emission in the intersystem doublet through recombination and cascades. Finally, there are significant differences between the collisional data used in the two cases. Haisch et al. (1977) used collision rates obtained from distorted wave calculations of Sawada & Ganas (1973) ; the rates used in the Carlsson & Judge (1993) atomic oxygen model are taken from theoretical close coupling calculations of Rountree (1977) and are smaller. Additionally, the collisional rate in the 3 S-3 P 2,1,0 transitions is approximately eight times larger than the value used by Haisch et al. (1977) . Although this is not important for giant stars, it does have some influence on the emergent O I spectrum of dwarf stars.
It is expected that the inclusion of the H Lyβ pumping mechanism will have a more pronounced effect on the integrated flux in the doublet in the dwarf stars than in the giant stars, owing to the stronger collisional coupling between the levels. Our calculations, performed for β Gem and Eri confirm this expectation: the flux in the doublet in β Gem is increased by only 1.2 per cent. When the calculation was repeated for Eri, it was found that H Lyβ pumping increased the integrated flux in the doublet by 13.6 per cent. Table 4 . The calculated and observed integrated line fluxes in the O I resonance triplet. All fluxes are given in units of erg cm −2 s −1 at the stellar surface, with the exception of the Sun, where the intensity is given in erg cm −2 s −1 sr −1 at disc centre at the solar surface. For Procyon, the fluxes given are the totals in the triplet. One would expect a general trend for the integrated flux to increase as the stellar gravity and N e increases. This is found to be the case for four of the stars considered here (Table 5) , the exception being Procyon. It is possible that acoustic shock heating plays a relatively larger rôle in heating the upper chromosphere and transition region of Procyon, as proposed by Mullan & Cheng (1994) . Such shocks would create regions of higher electron density, and thus lead to enhanced emission.
There is no clear trend in the dependence of the emission on the treatment of photon scattering. For α Tau, Table 5 shows that there is virtually no difference in the integrated emission calculated for the three cases: CRD, PRD and XRD. Examination of the level populations shows that the populations of the pumped 3 D level, and the levels to which it subsequently cascades, are significantly affected by increasing coherency, with XRD having the most pronounced effect. However, collisional coupling between the 3 S and 5 S levels is insufficiently strong for there to be a change in the 5 S level population, and hence the integrated flux.
In β Gem, PRD has virtually no influence on the doublet, and the level populations of 5 S are unchanged. Examination of the contribution function shows that the doublet is mainly formed in the region m col ∼ 0.1 g cm −2 ; in this region, XRD causes a slight underpopulation of the quintet level population, thus leading to a reduction in the emitted flux.
Similar arguments can be applied to the remaining stars. For Procyon, the behaviour is similar to that of β Gem. In Eri, increasing coherency increases the emitted flux slightly, which is a result of the increase in quintet level populations, and the same is true for the Sun.
Forbidden line
It is interesting to look at the effect of the treatment of photon scattering in the resonance triplet on the forbidden line at 1641 Å. Figs 7 and 8 show the line profile calculated using CRD, PRD and XRD treatments of scattering in the resonance triplet in α Tau and β Gem, respectively. The forbidden line, 2p 3 3s 3 S o → 2s 2 2p 4 1 D, shares its upper level with the members of the triplet around 1305 Å, and is formed by flux-leakage from these lines. The contribution function implies that the line is formed mainly in the region with m col ∼0.1-0.05 g cm −2 ; with reference to Figs 9 and 10 it can be seen that increasing the coherency of the scattering process increases the level population of 2p 3 3s 3 S o in the lower region of the atmosphere in which the forbidden line may be formed. In the giant stars, where the , in the atmosphere of α Tau. In the lower density regions of the atmosphere, the effect of increasing coherency by PRD or XRD is to increase the level population. As expected from the calculations of flux in the triplet, XRD has a much more significant effect than PRD. The mass column density has units of g cm −2 and the populations are in units of cm −3 . opacity is high, the excited upper level decays through the forbidden line rather than through the optically thick resonance lines. Hence, increasing the upper level population density increases the flux in the forbidden line, with the effect being greatest in lower density stars, as they have the highest opacity, see Table 7 .
The integrated fluxes found for the forbidden line are in good agreement with the values calculated by Carlsson & Judge (1993) , but the calculated values still grossly underpredict the observed flux. Carlsson & Judge (1993) found reasonably good agreement between the calculated and observed fluxes in the case where the hydrogen lines were treated with an (approximate) treatment of PRD, but no pumping of the O I resonance triplet was included. Our calculations confirm this, and we find that excluding Lyβ pumping increases the flux in the forbidden line by approximately two orders of magnitude for β Gem, and a factor of 5 for α Tau.
At first sight, this appears to be a counterintuitive result: pumping increases the population of the 3 S level, which causes the large flux in the triplet. Since the forbidden line is formed by flux-leakage, it seems at first that a larger flux in the triplet would lead to a larger flux in the 1641 Å line. However, inspection of the populations of the ground state triplet of oxygen in the pumped and unpumped cases provides an explanation for this behaviour. When Lyβ pumping Figure 10 . The population density of the 2p 3 3s 3 S o 1 level, calculated for the cases of CRD, PRD and XRD for β Gem. As before, the effect of XRD is more significant than that of PRD. However, owing to the lower gravity, and higher density, of β Gem, the effects are somewhat smaller. The populations are in units of cm −3 and the mass column density has units of g cm −2 . is included, the ground state population is decreased. Calculations reveal that neglecting Lyβ pumping increases the ground state populations by a factor of 1.47 over the pumped populations for β Gem, and a factor of 1.44 for α Tau. The implications of this result for future chromospheric modelling are explored in Section 6.4.
C O M PA R I S O N W I T H O B S E RVAT I O N S
Resonance triplet
In order to compare the calculations with the observations, it is necessary to account for the effects of macroturbulence, and, in the case of the line at 1302 Å, interstellar absorption; this is unnecessary for the other lines, as they do not involve transitions to the ground state. The observed fluxes (or intensities, in the case of the Sun) are given in Table 4 . Fig. 11 shows the STIS observations of the resonance triplet in Eri overplotted with the XRD calculations for comparison. In Figs 12 and 13 the GHRS observations of the triplet in α Tau and β Gem are plotted together with the results of the XRD calculations. All the comparisons below are with the results of the XRD calculations, as XRD is the most physically complete treatment.
Unfortunately, there are no GHRS or STIS observations of Procyon available in the wavelength range of the O I resonance triplet; Figure 12 . GHRS observation of the O I triplet in α Tau (solid line) compared to the calculated XRD triplet including broadening by a macroscopic velocity of 17 km s −1 (dotted line). The flux is that observed at the Earth. The effect of macroscopic turbulence is mainly to reduce the depth of the central self-reversals. The asymmetry of the observed profiles is a result of scattering from a strong stellar outflow, which is currently unaccounted for in the model. The strong peak at 1303 Å is due to S I, which is pumped by the O I 1302 Å line. the IUE observations are therefore used for comparison. The resolution is only 0.1-0.3 Å when used in high-resolution mode, and so the comparisons between the observed and calculated line profiles cannot be made; the total integrated flux in the triplet is therefore calculated for comparison with observations.
The observations of the Sun (not shown) were taken from the SUMER instrument; from Table 4 , it can be seen that the calculated and observed intensities in the resonance triplet are in very good agreement. The calculated profiles (see Fig. 5 ) show large central self-reversals that are not observed. This is discussed in more detail in Miller-Ricci & Uitenbroek (2002) ; they used observations from the High Resolution Telescope Spectrometer (HRTS) and showed that convolution with the instrumental broadening (about 0.06 Å) reduces the depth of the reversals considerably.
The observed integrated flux in the triplet in Procyon appears to be in reasonably good agreement with the calculated values, which are slightly low; however, it must be noted that from the IUE observations it is only possible to obtain a lower limit for the integrated flux. It is likely, therefore, that the calculated fluxes are significantly underestimating the true fluxes.
The agreement between observed and calculated fluxes in the triplet is reasonably good for α Tau where calculations underesti- mate the flux by a factor of 1.7. For Eri, the 1302 Å line, uncorrected for interstellar absorption, is too small by a factor of only 1.1. The other two lines are too small by factors of 1.8 (1305 Å) and 1.7 (1306 Å). The poorest agreement between observed and calculated fluxes in the triplet is found for β Gem, where the calculated fluxes are factors of between 2.3 (1302 Å) and 5.4 (1306 Å) too small. The observed flux in the 1302 Å line has not been corrected for interstellar absorption; including this would make the agreement worse. Previous calculations of the flux in this triplet, published by Carlsson & Judge (1993) found a much better agreement with the observations, with the calculated fluxes being only a factor of approximately 1.4-1.6 too small. However, these calculations were carried out using the Kelch et al. (1978) model, based on a CRD treatment of hydrogen, rather than the PRD treatment of our model. According to the approximate scaling laws of Carlsson & Judge (1993) , the O I resonance triplet emissivities are approximately proportional to N e . This is known to be more or less constant over the relevant region of the chromosphere, and higher in the Kelch model than in the model by Sim (2001) . In order to match the triplet observations better, the electron density in this one-component model must be increased, but this would lead to a much worse agreement between the calculated and observed fluxes in the collisionally excited lines. Table 5 shows the observed and calculated fluxes (intensities, for the Sun) in the intersystem doublet. The solar calculations are too small by factors of 2.9 (1355 Å) and 3 (1358 Å) but the ratio of the integrated intensities (see Table 6 ) is calculated to be 2.83, in good agreement with the observed ratio of 2.74.
Intersystem doublet
The intersystem doublet in Procyon has been observed with the GHRS, and the observations and calculations are shown in Fig. 14 . A line at 1358.77 Å appears in this spectrum, which is either not present, or is much weaker, in the other stars. By comparing the spectra of giants and dwarfs in the region from ∼1355 to ∼1380 Å with those of the solar disc, limb and sunspots, we conclude that the line is from a singly ionized metal. Such lines of Fe II and Ni II are observed at the solar limb. Table 5 shows how the calculated fluxes compare to the observed ones; the calculated fluxes in the 1355 and 1358 Å lines are factors of 3 and 3.5 too small, respectively. The calculated and observed flux ratios, shown in Table 6 , show good agreement.
The calculated and observed fluxes in Eri, shown in Fig. 15 , and Table 5 , are in much better agreement than is the case for any of the other stars. The flux ratio, calculated to be 3.2, agrees well with the observed ratio of 3.1 (Table 6) .
For both the giant stars, the discrepancy between the calculated and observed fluxes is much more severe -approximately a factor of 4 too small for α Tau, and 5 for β Gem (see Table 5 ). As with all the other stars, the calculated flux ratios compare well with the observed ratio.
Assuming these lines to be optically thin, the predicted flux ratio is given by the ratio of the A values, which is 1.97. In none of the stars do we either observe, or calculate this value. In Fig. 16 , the ratio of flux in the 1355 Å line to that in the 1358 Å line is plotted as a function of mass column density. As the mass column density increases, the ratio tends to the optically thick limiting value, namely F(1355)/F(1358) = 1. The absolute flux in the lines decreases at (0) the high-mass column densities in the photosphere because the temperature is sufficiently high for oxygen to be mostly ionized. The flux ratio is determined in a higher region where the lines are still optically thick. When the atmosphere becomes transparent to these lines, the ratio is fixed at the value it took in the optically thick region. The line profiles become self-reversed at high-mass column densities, with the 1355 Å line becoming self-reversed at lower mass column densities than the 1358 Å line (see Fig. 17 ). The effect of high optical depths in the intersystem lines has not previously been recognized.
Forbidden line
The forbidden line at 1641 Å was observed in α Tau by STIS and in β Gem by GHRS. It is not observed in the other, higher gravity stars, such as Procyon, where the O I line opacities are lower. In α Tau, the calculations of the flux in the forbidden line grossly underpredict the emitted flux, with the calculated flux being a factor of 14.5 too small (see Table 7 ). In β Gem, the agreement between the calculated 1641 Å and observed fluxes is extremely poor, with the calculated fluxes being almost two orders of magnitude too small, although the calculated values of the integrated flux in the 1641 Å line are in agreement with the values found by Carlsson & Judge (1993) . When pumping is neglected, the calculated flux in the line in β Gem exceeds the observed value, by a factor of approximately 1.5 (see Section 5.3). This is consistent with the idea of a twocomponent chromospheric model (a cool radiative component plus heated regions), in which most of the 1641 Å flux would be produced in the cooler region, where there is a large O I population. The same calculation for α Tau does not produce nearly such a dramatic increase in flux: the integrated flux in the forbidden line is increased only by a factor of about 5.
Implications for chromospheric modelling
The major implication for chromospheric modelling results from the significant underestimate of the flux in the resonance triplet. This is likely to be a result of assuming a one-component chromospheric model with the traditional smooth increase of T e with height. In order to account for the significant flux in the resonance triplet there must be (at least) two regions; a hot region in which there is a large H Lyβ flux and a cooler one in which there is a large population of O I, with a significant region of physical proximity between the two regions (see e.g. McMurry & Jordan 2000) . The chromosphere may therefore have a two-component structure, in which the H Lyβ emission is embedded in, or extends above, the cooler regions. A substantial amount of work has been carried out on solar chromospheric inhomogeneities, for example, the 1D radiative hydrodynamics simulations of Carlsson & Stein (1994) , and the 3D radiative hydrodynamics simulations of the non-magnetic solar chromosphere of Wedemeyer et al. (2004) which result in a dynamic, thermally bifurcated structure.
We have made some preliminary calculations using the lower element abundances from Asplund, Grevesse & Sauval (2005) for all the absolute line fluxes discussed above. Adopting these lower abundances results in larger discrepancies between the observed and calculated fluxes. Thus it is difficult to avoid the requirement of a two-component atmospheric structure.
The results of our calculations of the flux in the forbidden line may also be explained in terms of the shortcomings of the singlecomponent model. To produce a sufficient flux in the resonance triplet, an inhomogeneous atmosphere is hypothesized; this model can also qualitatively explain the behaviour of the forbidden line. Consider the postulated cooler regions containing a large population of O I: the triplet may be thought of as being produced where the 'hot' region irradiates this cooler (perhaps radiative equilibrium) region. This interface between the two components produces only a small flux in the forbidden line. However, within the cool, O I rich material, which has sufficient opacity to be shielded from the H Lyβ radiation, there is little or no pumping, and so a larger flux in the forbidden line is produced, as the population in the oxygen ground state is larger.
In cool giants, the O I resonance triplet causes fluorescence in the fourth positive system of CO (Ayres et al. 1974) ; these lines are mainly pumped close to the cores of the resonance triplet, and may therefore be sensitive to the PRD/XRD solutions through their effect on the self-reversal and the peak flux. Observations of weaker lines pumped in the wings would provide valuable checks on atmospheric models. In the dwarf stars, the resonance triplet is already narrow with weak wings, and PRD and XRD give similar results. Any small amount of fluorescence of CO by the O I resonance triplet in dwarf stars is therefore likely to be unaffected by these effects.
The observed and calculated ratios of fluxes of the intersystem lines are in consistently good agreement. However, in four cases, those of β Gem, α Tau, the Sun and Procyon, the calculations are not producing enough emission. It is only for Eri that the absolute values of the calculated and observed fluxes are in good agreement. These lines are predominantly collisionally excited, so it would seem likely that our models of the giants and Procyon require some regions of higher density. It is possible that these could be associated with heating arising from acoustic shocks.
The importance of being able to model the hot chromospheric regions embedded within a cool atmosphere (possibly a radiative equilibrium region) is related to the investigation of the heating mechanism(s) acting in the outer atmospheres of cool stars, cf. Wiedemann et al. (1994) . It is well known that in one component, spatially and time-averaged models there is a slow, steady rise in temperature seen throughout the chromosphere, followed by a rapid temperature rise through the transition region and corona (in stars showing coronal emission). The explanation for this phenomenon is still disputed, but the mechanism responsible for the basal emission in late-type stars is thought to be that of acoustic waves arising from the convection zone, which are then dissipated as shocks, when they reach a low-density region and become supersonic (Rutten et al. 1991) . In magnetically active stars, the excess flux in chromospheric lines is thought to arise from MHD waves and/or magnetic reconnection. It is possible that magnetic reconnection also generates MHD waves in the upper chromosphere, and so a good model of the twocomponent upper chromosphere would be valuable for investigating this possibility.
C O N C L U S I O N S A N D F U T U R E W O R K
We have performed the first calculations of the O I resonance triplet using an exact PRD treatment, and including XRD, for giant stars. The results demonstrate that XRD strongly influences the oxygen solution, and should therefore be incorporated in all future modelling. This is not only important for calculations of the triplet, but also essential for the forbidden line, if it is to be used as a chromospheric diagnostic for giant stars.
Our calculations of the triplet, doublet and forbidden line all support the idea of a two-component chromosphere, and all offer diagnostics of the chromospheric inhomogeneity. Our calculations of the variation of the ratio of the fluxes in the intersystem doublet with mass column density present the possibility of an additional density diagnostic. The calculations for the doublet in Procyon are not inconsistent with the proposal by Mullan & Cheng (1994) that acoustic shocks play a significant rôle in heating the cooler part of the atmosphere, and further investigation into this is required. The dependence of integrated flux in the forbidden line on the Lyβ pumping mechanism presents an additional probe of inhomogeneities in the atmospheres of giant stars.
The GHRS observations of the resonance triplet of α Tau show that the observed lines are strongly affected by outflows and scattering in the stellar wind; this is an important effect which will be included in future models of α Tau. Similarly, future two-component models will include modelling of the fluoresced sulphur lines at 1303 and 1296 Å, which are pumped by the O I lines at 1302 and 1304 Å.
However, the most important improvement which will be incorporated in future chromospheric models is the presence of a cool radiative equilibrium component, and the calculation of the fraction of the surface which must be hot in order to account for the observed chromospheric emission. The calculations will initially proceed by calculating the emission lines of CO, fluoresced by the O I triplet itself. The discrepancies between the observed and calculated fluxes in the O I emission spectrum will be valuable in our efforts to model the chromospheric inhomogeneities.
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